Focused ultrasound pulses generated by photoacoustic transformation at a metal surface immersed in water possess a pronounced compression phase on the nanosecond time scale. For 8 ns laser pump pulses, the spectrum of the initially generated ultrasonic pulse covered a frequency range between 0.1 and 150 MHz. A concave spherical geometry of the light-absorbing metal surface can be used to achieve focusing. In the present experiments a conical ultrasound beam was directed at a solid glass plate or silicon wafer, where the tilt of the normal of the metal mirror defined the efficiency of mode conversion at the water-solid interface. Depending on the configuration, focused bulk waves as well as Rayleigh and Lamb waves could be launched in the sample with this setup. The laser probe-beam-deflection method was employed for local detection of elastic disturbances at the sample surface. Due to the nonlinear elastic response of water and harmonics generation, frequencies Ͼ100 MHz were realized, despite a strong attenuation in this frequency range. Gradual increase of the laser power density from 5 to 14 MW/ cm 2 led to shock formation in the compressive pressure pulse in water and shortening of the Rayleigh pulse induced at the surface of the glass plate. The observed transient surface profiles were highly sensitive to nearby mechanical discontinuities such as a microcrack in glass or an edge discontinuity in silicon. Therefore, laser-induced focused ultrasound seems to be a very promising method of accomplishing diverse tasks of nondestructive evaluation.
I. INTRODUCTION
Laser ultrasonics has the potential for a wide range of applications, and therefore it has received considerable attention over the past decades. This technique has been applied in photoacoustic spectroscopy of gases in the kilohertz range, 1 whereas conversion of nanosecond laser pulses has been used to generate ultrasonic sources in the megahertz range for the investigation of elastic properties of liquids, 2 for nondestructive evaluation ͑NDE͒ of mechanical properties of thin films, 3 residual stress of metals, 4 and graphite fiber reinforced composites. 5 It is also a very promising technique for noninvasive diagnostics of biological tissues. 6 The local character of the disturbance, the short time of interaction of laser radiation with matter, and the contact-free excitation are among the main advantages of laser ultrasound. The transient shape and spectrum of ultrasonic pulses depend on the optical, thermophysical, and mechanical properties of the material. 7 The frequency spectrum is essentially wideband with a range approaching the spectral intensity envelope of the laser pulse for strongly absorbing materials. 7, 8 In fact, laser-induced ultrasound can be considered a versatile means for the evaluation of elastic properties of materials and defectoscopy.
NDE requires the detection of broadband elastic pulses, signal processing, and data interpretation. The detection of ultrasound can be carried out by means of contact methods via piezoelectric transducers, 4 noncontact techniques via eddy current, 9 or optical methods. 2, 5, [10] [11] [12] All these methods have advantages and disadvantages with respect to particular applications. 10 The combination of two lasers in a pumpprobe setup provides a completely contact-free tool, which is rather important in scientific research and undoubtedly in industrial applications. 11 For instance, laser-induced surface acoustic waves ͑SAWs͒ provide a precise tool for the characterization of mechanical properties of thin films. 12 Nonlinear SAWs have been used to estimate the mechanical fracture strength of silicon. 13, 14 As the size of silicon devices continues to decrease, e.g., in microelectromechanical systems, the mechanical stability and integrity are of importance for the production of semiconductor devices and sensors. Scattering and mode conversion of SAWs are routinely employed in NDE of surface-breaking cracks. 9, 15 The spectrum and magnitude of reflected and transmitted pulses depend on the crack size and geometry, and thus their measurement allows an estimate of several crack properties.
Since the laser power density is limited to ϳ20 MW/ cm 2 in the thermoelastic regime, the vertical particle displacement of SAWs is limited to several nanometers. A problem of optical detection is the relatively low signalto-noise ͑S/N͒ ratio, which restricts the dynamic range of such linear measurements. 10 On the other hand, the main advantage of optical methods, which utilize an interferometer or probe-beam-deflection ͑PBD͒ technique, is the wideband frequency spectrum of up to several hundred megahertz. Such a bandwidth provides a resolution of tens of micrometers in NDE. However, the contact-free PBD technique requires high quality polished surfaces.
Laser-induced focused ultrasound ͑LIFU͒ allows a local concentration of mechanical energy and therefore improves the S/N ratio by increasing displacement amplitudes without destruction of the material. For instance, an arc-line mask has been employed for focusing SAWs in NDE measurements of faults at the surface. 16 In surface examinations, the presence of surface scratches may already indicate the position of cracks. The inspection of suspicious specimens for bubbles or voids in bulk is a more difficult task and requires the application of bulk waves. Ring-shaped laser illumination has been suggested for crack detection by means of bulk waves. The distortions can be registered by a piezoelectric transducer on the opposite side of the sample plate. 17 Besides the SAW experiments discussed above, acoustic microscopy employs focused longitudinal waves in water for the characterization of solids, reaching frequencies of up to 1 GHz. 18 Here the effective depth is limited to several millimeters because of the strong attenuation of the highfrequency components. The first results obtained with a combination of laser-induced pressure pulses and acoustic microscopy were reported more than 30 years ago. 19 Here laser ultrasound was induced in a metal film in contact with water and the pressure pulse propagating in water was collected by an acoustic lens for film characterization.
It is worth discussing in more detail investigations in which the mechanism of ultrasound generation in the system glass-metal film-liquid has been studied, providing quantitative results for laser-induced stress formation. 20 The laser radiation illuminated the metal film from the side of the glass plate. Consequently, diffusion of heat occurs and the temperature changes in all three media. It has been shown that a submicrometer metal film efficiently transfers heat into the liquid and launches a wideband ultrasonic pulse. The efficiency of ultrasound excitation is proportional to the thermal expansion coefficient and is higher for thinner films, thanks to the increasing contribution of the liquid. The solution of a thermal wave approach, carried out in the frequency domain, delivered good agreement with experimental data. 21 The transient pressure pulse with a pronounced compression phase has been measured by a wideband lithium-niobate transducer with Ͻ3 dB variation of the sensitivity in the range of 1-100 MHz. 8 The bandwidth of the ultrasound spectrum reached from 1 to 70 MHz. The application of such pulses for NDE seems to be very promising. As the metal film is thermally thin in the low-frequency range but thick in the high-frequency range, the film thickness controls the bandwidth of the excited ultrasound. For the limiting case of an ultrathin film, or in other words at the interface between liquid and metal, it is possible to induce pulses with comparable conversion efficiency in the whole spectral range covered by the envelope of the exciting laser pulse. 7 The work presented here continues our previous research with a stainless-steel spherical mirror immersed into water, which has been used to focus a laser-induced ultrasound beam onto the free surface of a glass plate for crack evaluation. 22 The PBD method was utilized to monitor the transient profile of the surface slope. It was demonstrated that the transient surface profile induced by LIFU pulses passing through the solid plate is very sensitive to the presence of mechanical discontinuities in the bulk and at the sample surface. The main features of this detection scheme are a short transient of the initially excited pressure pulse, nonlinear evolution of the ultrasound beam in the liquid, mode conversion at the liquid-sample interface, and focusing of the elastic disturbance onto the free sample surface.
The present work investigates the possibilities of nonlinear elastic response ͑harmonics generation͒ of the system to increase the resolution of NDE and defect imaging. Due to the strong sensitivity of nonlinear transients to discontinuities in the material, this method is very promising for both qualitative and quantitative testing. A glass plate was used as an example of an isotropic medium. A silicon wafer was employed to obtain first results for an anisotropic medium.
II. THEORETICAL
Photoacoustics or optoacoustics deals with the conversion of pulsed laser radiation into elastic distortions of media. In general, the spectrum of the induced acoustic pulse depends on the optical, thermophysical, and mechanical properties of the medium and also on the laser properties, such as pulse duration, intensity envelope, and power density. Excitation of ultrasound implies the absorption of laser radiation, generation of a heat source by energy transfer processes, followed by heat diffusion, and launching of a pressure pulse. Some processes may be relatively simple under suitable conditions, for instance, the absorption of radiation occurs in the nanometer range in metals or heat diffusion is negligible in tissues within nanosecond time scales, whereas others may be quite complex.
The transfer function method separates materials properties and laser pulse parameters in the frequency domain. 7 In a one-dimensional "ansatz" the induced pressure pulse can be written as P͑͒ = K͑͒I 0 L͑͒, where K͑͒ is a conversion function depending on the properties of the material, I 0 is the intensity of the laser pulse, and L͑͒ is the spectrum of its intensity envelope. Thus, the transfer function describes the spectral efficiency of ultrasound generation. In the following we consider ultrasound excitation by means of nanosecond laser pulses in a strongly absorbing and heat-conducting system, namely, at a stainless-steel-water interface. The formulas of the transfer function for this particular case can be found in Refs. 7 and 8.
The laser radiation is absorbed within a depth of several tens of nanometers in metals, generating an effective heat source with local temperature rise at the interface and heat diffusion into the neighboring media. The depth of heat diffusion can be estimated as ͱ L , where is the heat diffusivity of the absorbing material and L is the laser pulse duration. For metals the heat penetration depth is less than 1 m during a 10 ns laser pulse. The boundary conditions at the metal-water interface require equality of temperature and heat flow. Therefore, we can estimate the heat penetration depth in water. Note that heat penetration into liquids is at least one order of magnitude lower because the heat diffusivity is about two orders of magnitude smaller than in metals.
Stainless steel has a heat capacity of c p = 500 J / ͑kg K͒, a heat conductivity of k = 14.5 W / ͑m K͒, and a density of =8ϫ 10 3 kg/ m 3 at 273 K. According to the formula = k / ͑c p ͒, the heat diffusivity is equal to 3.6ϫ 10 −6 m 2 / s, and therefore the heat penetration depth is ϳ0.2 m in 10 ns. With the physical properties of water, =10 3 kg/ m 3 , k = 0.561 W / ͑m K͒, and c p = 4200 J / ͑kg K͒, the heat diffusivity is ϳ1.3ϫ 10 −7 m 2 / s and the heat penetration depth is ϳ36 nm. Thus, only a very thin layer of water will experience strong overheating due to heat diffusion from the adjacent metal.
The transfer function yields the pressure pulse launched into the transparent liquid induced at the interface with the solid. The linear solution gives the order of ϳ1 Pa/ ͑W / cm 2 ͒ in the range Ͻ10 GHz, where the interaction between heat and elastic waves is negligible. 7 This solution is valid in the linear or thermoelastic regime, where the magnitude of ultrasound is proportional to the laser pulse power density. As the efficiency of ultrasound excitation is directly proportional to thermal expansion, the value found for the transfer function of other liquids, such as acetone or ethanol, is at least one order of magnitude higher than that for water, i.e., Ն10 Pa/ ͑W / cm 2 ͒. 21 The goal of this work was not only the efficient excitation but also the delivery of the ultrasound pulse to the solid sample, and therefore the low attenuation in water of ϳ2.1ϫ 10 −14 m −1 Hz −2 was the reason for selecting water.
The local temperature variation in the metal can be calculated using the equation
where F is the energy density and R is the reflection coefficient of optical radiation. The latter, of course, depends strongly on the surface quality. An estimate indicates local temperature jumps of up to 400 K for a fluence of 100 mJ/ cm 2 , 10 ns pulse duration, and R = 0.7. As materials properties change with temperature, such a local transient temperature increase has a significant influence and may involve nonlinear thermal effects, e.g., a nonlinear increase of the expansion coefficient of water. 7 Let us summarize the features of ultrasound excitation in a one-dimensional treatment of the metal-water interface. The laser-induced heat source is localized at the metal-liquid interface. As the efficiency of ultrasound generation is stronger in liquids and the absorbing metal surface is responsible for efficiently passing heat to the neighborhood. There is no spectral discrimination in comparison with the system quartz-metal film-liquid, 20, 21 and therefore the conversion coefficient is essentially constant in the whole spectral range of the laser pulse envelope. Consequently, the transient form of the ultrasound pulse approaches the envelope of the laser pulse intensity. As the ratio of the acoustic impedance of water and steel is about 0.04 for longitudinal waves, the conditions of a rigid acoustic boundary are fulfilled and single pressure pulses with pronounced compression phase can be launched into the liquid.
The concave metal surface reduces the influence of diffraction and concentrates the elastic disturbances on the convergence zone of the ultrasound beam. The estimate indicates that a pressure in the compression pulse of tens of bars can be realized with a power density of the laser pulse of ϳ5 MW/ cm 2 . It is evident that such a powerful focused pressure pulse involves a strong nonlinear elastic response of the liquid, leading to harmonics generation and shock formation. This is an important feature due to the great interest in high intensity focused ultrasound in medicine for cancer treatment, drug delivery, and lithotripsy. Theoretical modeling requires the development of numerical simulations since analytical solutions are possible only in limited cases. The problem is particularly complicated for two-and three-dimensional geometries and short pulses. The Khokhlov-Zabolotskaya-Kuznetsov equation describes diffraction, nonlinearity, and attenuation of an ultrasonic beam and is basically employed for modeling of shock formation. [23] [24] [25] Note that the distance of shock formation decreases with the pressure amplitude, a result obtained for quasimonochromatic ultrasound with a central frequency of 1 MHz. 23 The results of numerical calculations and experiments were found to be in very good agreement. There is no doubt that the shock formation distance of LIFU is much shorter than for a single frequency due to the initially wideband pulse and simultaneous harmonics generation in the whole spectral range. Thus, the purpose of the present experiments was the realization of powerful ultrasonic beams based on the elastic nonlinearity of water ͑but avoiding cavitation͒ and passing a large amount of elastic energy into the solid substrate for the application in diagnostic tasks. The boundary conditions for particle displacements and stresses require mode conversion at the water-solid interface. Since LIFU pulses cover a wide range of wavenumbers and wavevectors, longitudinal and shear waves can be launched into the solid and interface waves can propagate along the water-solid interface. 26 For a beam with a plane wavefront propagating from a liquid to a solid, Snell's law states sin i / sin l,tr = c i / c l,tr , where i is the incident angle of the longitudinal wave in water, l,tr are the refractive angles of the longitudinal and transverse waves in the solid, and c i and c l,tr are the corresponding phase velocities. The incident angle is the angle between the sample surface normal and the radial direction through the center of the mirror surface, which is called the mirror normal. The velocities of longitudinal and shear waves in solids define critical angles for the incident beam. The wave amplitudes propagating into the solid can be estimated using the Fresnel formula as a first approximation for conical beams. 27 For an incident focused beam in a semi-infinite medium, the tilt of the mirror normal determines the efficiency of wave conversion into different modes propagating into the solid and the spatial location of their convergence zones. The longitudinal waves are concentrated closer to the interface than the transverse waves. For a plate the situation is more complicated due to possible reflections from the free surface, where Lamb waves or, in the general case of anisotropic media, guided modes can be induced. If the mirror normal is near the second critical angle, related to shear waves, Rayleigh waves can be launched along the free surface of the solid. 28 The transformation of the pressure pulse requires the solution of the boundary problem for particle displacements and stress components. Note that the solution of this task involves sev-eral problems of nonlinear acoustics 29 and even numerical calculation of the transient stress-strain field seems to be a cumbersome problem.
III. EXPERIMENTAL
The suggested pump-probe scheme of the experimental setup combines pulsed laser excitation and detection via the PBD method, as can be seen in Fig. 1 . The bottom surface of the specimen is in contact with water. The transparency of the material to the laser pump radiation is a distinct feature of such a scheme. The radiation passes through the specimen and illuminates the surface of the stainless-steel mirror. The mirror surface was initially polished, and then underwent a fine abrasive treatment ͑sandblasting͒ to avoid sharp focusing of the reflected laser radiation. The mirror position and direction of its normal could be adjusted by translation and rotation, as illustrated in Fig. 1 .
The Nd:YAG ͑yttrium aluminum garnet͒ laser radiation of = 1.064 m with a pulse duration of 8 ns and pulse energy of 180 mJ was extended by a plane concave lens to expose the complete rectangular area of 12ϫ 15 mm 2 of the spherical mirror with a radius of 14 mm. Neutral density filters were employed to reduce the laser power density. The illumination of the mirror surface induces a conical ultrasound beam propagating into the water with a focusing spherical wavefront in the ideal case. In other words, all wavevectors of the generated ultrasound are initially directed toward the geometrical center of curvature of the steel surface. The mirror size yields a full angle of ϳ60°of the conical ultrasound beam. As elastic mode conversion takes place at the water-solid interface, pulses of longitudinal and transverse waves propagate inside the solid. The tilt of the mirror normal determines the efficiency of possible mode conversion processes ͑longitudinal and transverse͒ as well as their angular distribution and the location of the convergence zones in the solid.
The surface slope or shear strain was measured at the free sample surface by the PBD method. The radiation of a continuous-wave ͑cw͒ Nd:YAG laser radiating at 532 nm with ϳ100 mW power was sharply focused onto the surface of the specimen with an estimated spot size of ϳ4 m. A transient elastic disturbance at the surface deflects the probe laser beam. This induces an alternating photocurrent that depends on the transient surface slope. The bandwidth of the PBD setup covered the frequency range of 0.1-500 MHz. An absolute calibration of the experiments was achieved by means of nonlinear SAW pulses, which provide an estimate of the strain or acoustic Mach number generated at the surface. 13, 14 An averaging procedure and external amplifier with 29 dB gain in the range of 0.4Ϫ150 MHz was employed to increase the S/N ratio and to extend the frequency range to Յ200 MHz. In fact, a dynamic range of ϳ40 dB was approached, limited by the value of the analog to digital converter with 8 bit vertical resolution. The spot size of the PBD beam made evaluation of cracks on the microscale possible.
The sample and mirror could be translated independently in orthogonal directions of the horizontal plane by motorized stages. Since the laser probe was sensitive to the surface slope, the maximal signal amplitude was obtained when the convergence zone of the ultrasonic beam was near the free surface of the solid, while the geometrical center of the concave mirror surface was situated above the free surface. The position and orientation of the metal mirror were adjusted by means of translation and rotation to achieve the maximum laser probe signal. The plane of incidence of the cw optical probe laser beam was normal to the plane of incidence of the ultrasonic beam.
IV. RESULTS

A. Elastic disturbance of glass plate by LIFU
Results obtained for a 1 mm thick glass plate are considered first. Because in solids shear waves have a lower velocity than longitudinal waves, they essentially provide a higher resolution for mechanical defects in the same frequency range. Therefore, the aim was to deliver a focused shear beam to the free surface of the sample. As mentioned above, the tilt of the mirror normal controls the efficiency of conversion of the incident compression pulse into bulk modes at the water-solid interface. The first critical angle is ϳ15°and the second critical angle or Rayleigh angle is ϳ25°, related to longitudinal and shear waves, respectively. The mirror was tilted by ϳ15°to achieve a dominant conversion to shear pulses at the interface in the first experiments. 22 The maximum amplitude of the detected transients was found by up-and-down translation of the mirror. Since the opening angle of the conical ultrasound beam was ϳ60°, longitudinal waves could be induced in the solid. If the convergence zone of the shear beam is located at the top surface, Snell's law points to a convergence zone of the longitudinal beam located near the bottom of the plate and further in the direction of the ultrasound beam propagation.
An example of a transient velocity profile averaged 256 times for the case of dominant transformation to shear waves is presented in Fig. 2͑a͒ for the glass sample. The laser power density was reduced by a neutral density filter to 7 MW/ cm 2 . The positive peak with the steeply rising front of ϳ2 ns has a duration, measured as the full width at half maximum ͑FWHM͒, of less than 9 ns and arrives 9.6 s after the pumping laser pulse. This time delay is required by the ultrasound pulse for propagation through ϳ12 mm water and the glass specimen. The negative precursor of small amplitude is induced by the longitudinal beam. When the initial disturbing compression pulse comes from the bulk to the top surface of the solid, where the boundary conditions of a mechanically free surface must be fulfilled, it produces larger displacements at the free surface, in comparison with recoil, which relates to a negative trailing pulse that is smooth and of lower grade. This can be explained by the elastic resistance of the medium to compression. The absolute calibration of the setup yielded a strain of the order of ϳ10 ͑acoustic Mach number͒ or stresses of tens of megapascals. The spectra of the transients typically covered a bandwidth of 0.4-150 MHz within a dynamic range of ϳ40 dB ͓see Fig. 2͑b͔͒ .
The spectrum of the laser pulse envelope and the estimated attenuation of ultrasound point to the fact that frequency components Ͼ100 MHz do not have a chance of being detected in the dynamic range provided by the setup after passing through ϳ10 mm of water. However, the nonlinear elastic response of water to the powerful pressure pulses involves high-frequency harmonics generation and shock front formation. Therefore, the detected highfrequency part of the transient spectrum is generated during pulse propagation as a result of the nonlinear elastic response of water. This is also consistent with the development of shock fronts in the ultrasound pulse, which were formed during propagation of the dominating compression phase of the pressure pulse in water. Altogether these effects produce strong and localized elastic disturbances in the solid plate. It turns out that such powerful local and short-time disturbances allow the excitation of all kinds of elastic waves, for instance, Lamb waves. 28 It is worth considering the small amplitude peaks with a time interval of ϳ0.25 s after the shear pulse ͓see Fig.  2͑a͔͒ and the periodic structure of the spectrum in the range Ͻ50 MHz in Fig. 2͑b͒ . Its time scale corresponds to beating of the first symmetrical mode of the transverse wave with tr = d of the 1 mm thick glass plate and a shear velocity of 3.9ϫ 10 3 m / s, which is a limit value for the phase and group velocities of the first symmetrical and first asymmetrical Lamb modes. 28 An example of the kind of periodic structure of the spectrum in the range up to 45 MHz is presented in Fig. 3 . There is no doubt that the positions of the local extrema of the spectrum are connected with induced Lamb waves. The vertical lines correspond to calculated critical frequencies of longitudinal and transverse modes or standing elastic waves, taking into account the velocity of longitudinal wave of ϳ5.8ϫ 10 3 m / s. The apparent peak at 2.9 MHz corresponds to the first symmetrical mode with l / 2=d. Taking into account Poisson's ratio of glass of ϳ0.17, the estimated number of possibly induced symmetrical and asymmetrical modes in the frequency range Յ100 MHz is about 100. It is more difficult to interpret the extrema of higher order modes due to the decrease of the spectral magnitude. As Lamb waves are essentially dispersive, their simultaneous propagation produces complicated transient profiles of the measured surface slope. Water loads the bottom of the plate; hence part of the elastic energy radiates into the liquid. Certainly a complete interpretation of the measurements requires a more detailed analysis, but it is clear that LIFU induces transient pressure pulses with shocks that allow the excita- tion of Lamb modes. This makes LIFU very promising for NDE analysis due to the high sensitivity of Lamb modes to mechanical discontinuities. The high-frequency components of the pulse mainly determine the spatial resolution according to the diffraction limit. As the disturbance is localized at the surface, the translation of the mirror in the horizontal plane in a rectangular area of 300ϫ 400 m 2 with a step size of 10 m in both directions was carried out to estimate the dimensions of the elastically disturbed region on the free surface of the glass plate. The power density of the laser pulse was fixed at 5 MW/ cm 2 . The transient profiles were averaged 64 times at each probe spot. The maxima of the transient surface slope measurements were used to construct the image presented in Fig. 4͑a͒ . The focused ultrasound beam propagated here from the right to the left side. The region of half maximum signal amplitude was confined to an area of 100ϫ 200 m 2 . There is no doubt that the nonlinear elastic response of water can be employed to extend the frequency range and to increase the spatial resolution in NDE. On the other hand, additional nonlinear elastic response of the solid could further increase the sensitivity to mechanical discontinuities or inhomogeneities in the specimen. Diffraction and dispersion, which imply the existence of shear and longitudinal waves, are the main obstacles to the formation of nonlinear elastic pulses in solids. There are always possibilities for the transformation of shear waves to longitudinal waves and vice versa, and therefore nonlinear behavior is very limited in time and space for bulk waves in solids. SAWs, however, are nondispersive and experience lower diffraction. Thus, under the conditions of an efficient transformation of the laserinduced compression pulse into Rayleigh waves, nonlinear response can be observed on the surface of the solid. If the tilt of the mirror axis approaches the second critical angle, the shear ultrasound beam propagates near the free surface and efficiently launches Rayleigh waves. The axial form of the ultrasound beam in water provides suitable conditions for propagation of Rayleigh waves with curved front.
If the direction of the mirror normal was fixed at ϳ25°, only wavevectors with an angle of incidence less than 25°c ould go through the water-solid interface. This limits the amount of elastic energy passing into the solid substrate. The spatial distribution of maximum surface slope on the glass plate is presented in Fig. 4͑b͒ . The region of elastic disturbance is more localized in the direction normal to the direction of the ultrasound beam.
B. Nonlinear elastic response of the system
Next the potential of the arrangement to channel strongly nonlinear elastic response of the solid into excitation of Rayleigh waves, generated by compression pulses with shock fronts, excited in water, is discussed. The power density of the pump laser was reduced to 5 WM/ cm 2 by an absorbing neutral filter of 0.3 optical density or transmittance of 35%. The position of the spherical mirror was adjusted to obtain the maximum amplitude of the transient probe signal and then it was fixed for the following series of experiments at an angle of ϳ25°. The transient profile showed a pronounced compression phase of about 7 ns duration at FWHM ͓see Fig. 5͑a͔͒ . The slope of the pulse front is less steep due to the large incident angle and small deviation of the propagating shear beam from the free surface. Because the major part of FIG. 4 . ͑Color online͒ Distribution of the maximum amplitude of the transient profiles at the free glass surface for the case of an angle of incidence of ͑a͒ ϳ15°and an angle of incidence of ͑b͒ ϳ25°.
FIG. 5. ͑Color online͒ ͑a͒
Faster arrival and nonlinear increase of the transient profile amplitudes for increasing laser pulse power density in the case of efficient Rayleigh wave excitation. ͑b͒ Nonlinear growth and widening of the spectra of the respective transient profiles. the elastic energy spreads along the surface, the excitation of Lamb modes is not efficient, as indicated by the spectrum presented in Fig. 5͑b͒ . In the low-frequency range of the spectrum, no periodic structure can be seen. The spectrum of the transients covers the range up to 100 MHz, which can still be considered as the linear regime of propagation of the focused ultrasound pulse.
Under the same conditions the next transient profile was measured with increased laser power density of 7 MW/ cm 2 at the mirror surface. The transient amplitude increased proportionally to the power density of the pump laser. It is interesting to note that the peak of the transient profile arrives earlier at the fixed probe spot. The low-and mediumfrequency parts of the spectrum rose proportionally and did not exhibit any significant changes. The high-frequency components of the spectrum with reasonable S/N ratio now reach 150 MHz. Since the initially excited high-frequency components of the pulse spectrum Ͼ100 MHz cannot pass through the water due to strong attenuation, it can be concluded that nonlinear response of water is involved.
As the next step, a neutral filter with a transmittance of 70% was used. With the resulting laser power density of ϳ10 MW/ cm 2 , the transient profile of the positive peak shortened to ϳ6 ns. The spectrum of the signal demonstrates nonlinear behavior, strengthening frequency components above 100 MHz. The upper range of the spectrum now extends above 200 MHz. There is a small decline in the spectrum around 150 MHz, which can be explained by the upper frequency limit of the amplifier employed. An additional increase of the power density further amplifies and shifts the measured transient profile. Power densities higher than 10 MW/ cm 2 produce strong overheating effects at the mirror surface and may even cause melting during thermooptical conversion. The duration of the positive peak was ϳ5 ns and the spectrum of the transient profile approached 250 MHz for a power density of about 14 MW/ cm 2 . However, there is no nonlinear increase in the spectra of the transient profiles going from 10 to 14 MW/ cm 2 . In fact, with decreasing shock formation distance, the nonlinear pulse had to propagate a longer distance through water and the attenuation of higher frequencies was stronger.
An obstacle to the application of LIFU for NDE is the cavitation threshold in water. Once it happened that cavitation occurred and produced a bubble, this bubble experienced strong stress from the following ultrasound pulses and nucleated new bubbles nearby. The cloud of bubbles shielded the bottom part of solid and mainly the high-frequency components of the ultrasonic spectrum experienced strong attenuation and distortion of the transient waveform. There are large deviations in the threshold found for cavitation in water, where most reports consider tensile stress in the pressure wave. 30, 31 There is a difference in the elastic nonlinearity of the compression and dilatation phases. 23 Strong tension of particles can be produced with a focused beam after passing through the convergence zone in water.
As second-and third-order elastic moduli of solids have the same order of magnitude, nonlinear response can be achieved only with a strain of the order of 10 −2 or a stress of hundreds of megapascals. This could be clearly demonstrated with nonlinear SAW pulses in recent laser-based fracture experiments aimed at measuring the mechanical strength of brittle materials. 13, 14 The signal amplitude and calibration of the setup, carried out by nonlinear SAW pulses, allowed an estimate of the strain at the top surface of the glass plate. The local strain induced by Rayleigh waves approached ϳ10 −2 , corresponding to a stress of hundreds of megapascals. Propagation of such a powerful elastic pulse in liquids is not possible due to the much lower cavitation threshold. On the other hand, if a strong nonlinear response below the cavitation threshold is achieved in water, then a nonlinear elastic response can be induced in glass, where finite Rayleigh waves are excited. Note that a strong nonlinear response could not be observed in the case of a focused shear beam.
C. Experiments with silicon wafers
Silicon wafers are presently used in ϳ90% of microelectronic devices, and therefore NDE of this material is of great practical interest. 32 Especially the detection of subsurface defects such as voids or bubbles is a difficult task in comparison with surface-breaking cracks. The main drawback of the LIFU method is the contact of one side of the sample with water. Nevertheless, this method is of great scientific interest since single-crystal silicon is an anisotropic material, where transient excitation of elastic waves and interpretation of the complex results is a largely unexplored field.
A crucial factor is the anisotropy of elastic properties in single-crystal silicon. As the velocities of bulk waves depend on the crystallographic direction, the incident conical ultrasound beam may induce transverse and longitudinal waves with a complicated geometry of the wavefront. The propagating ultrasonic waves experience strong distortions in the crystal due to focusing and defocusing directions. Taking into account the mean values of the phase velocity of longitudinal waves of 8 ϫ 10 3 m / s and transverse waves of 6 ϫ 10 3 m / s, the first and the second critical angles are ϳ10°a nd ϳ15°, respectively. They limit the angular range of wavevectors that can pass through the interface and therefore decrease the amount of elastic energy that is available in the silicon wafer. Note that the acoustic impedance of silicon is ϳ50% higher than the impedance of glass.
The reflection of part of the elastic energy at impedance boundaries is the basis of the ultrasonic pulse-echo techniques employed in NDE. Flaws, bubbles, or voids in solids have much lower acoustic impedances. Elastic waves of comparable wavelength do not propagate through these defects, while a crack tip with atomic scale size shields elastic waves above the gigahertz frequency range. Certainly, complete shielding is possible only if the wavelength is much smaller than the crack size. However, stress concentration occurs at tips and energy is reradiated into different types of elastic waves that are useful for the evaluation of surface faults. 9, 15 The reflection of an elastic wave from a boundary with a lower impedance requires a change of the phase to the opposite sign.
The situation is much more complicated for anisotropic media. Incident shear or compression waves can be reflected in both quasitransverse and quasilongitudinal forms, produc-ing cumbersome transients and spatial distributions. Nevertheless, it seems that single probe-pressure pulses with pronounced compression phase are suitable for the development of ultrasound imaging system.
In a recent report we applied the LIFU-PBD technique to the detection of an isolated microcrack produced by nonlinear SAWs in a glass plate. 22 Changes of the transient profiles measured at various points near the microcrack were found to be in good agreement with the crack dimension visible in an optical microscope image. Note that to elucidate the crack size, its geometry, and its penetration depth into the bulk is a complicated task even in isotropic media.
Here a 0.46Ϯ 0.01 mm thick Si͑100͒ wafer was employed to demonstrate the possibilities of the LIFU method in anisotropic media, where a broken edge of the wafer was used as a simple realization of a mechanical discontinuity. In the experiments the wafer was translated step by step to decrease the distance between the optical probe spot and the broken edge. Evidently, the geometry and tilt of the broken edge cause changes in the transient profile as well as reflections of elastic waves. In the present experiments a nearly normal edge was tested. The corresponding transient surface profiles were recorded for a laser power density of ϳ5 MW/ cm 2 and averaged 256 times at each detection spot. The mirror normal was tilted by ϳ10°, and consequently all types of bulk waves and interface waves could be launched into the silicon wafer. Figure 6 combines transient profiles measured at spots with defined distances from the edge for two different mirror positions located along its normal. The first series is called "sharply focused" and refers to transients with a sharp maximum peak obtained far from the edge. In the "weakly focused" series, the mirror was moved by 300 m along the mirror normal and the transient profile arrived 0.2 s earlier.
The transient profiles of the surface slopes measured at distances of Ͼ300 and 165 m from the edge are presented in Fig. 6͑a͒ for the sharply focused case. They exhibit a smooth shoulder and a sharp peak of ϳ10 ns duration. The shoulder can be assigned to the focused transverse waves of both polarizations with a relatively small difference in the phase velocity. The tail contains all possible types of elastic disturbance excited in the wafer. The profile obtained closer to the edge exhibits a wider negative peak instead of a positive one at ϳ10.1 s. The weakly focused arrangement provided suitable conditions for the part reflected from the edge to be focused to the free surface, where the probe spot was localized. The primary peak has a smaller amplitude and wider shoulder, whereas the negative peak is stronger in comparison with the sharply focused transient. Despite the stronger reflection of the optical probe beam in comparison with glass, the transient amplitude is lower due to distortions of the pulse.
On approaching the edge the negative peaks of both transient profiles increase, as can be seen in Fig. 6͑b͒ . This can be explained by the stronger localization of elastic energy due to reflection at the edge. An additional feature of the weakly focused transients is a relatively strong negative peak at 10 s that is delayed by 0.21 s with respect to the positive peak. The delay is too large to be assigned to the reflection of bulk waves from the bottom of the wafer. The trailing part of the transients contains regular disturbances with ϳ0.25 s separation, which are more pronounced in the weakly focused profiles. Unfortunately, the description of guided elastic modes in anisotropic media, which are analogous to Lamb waves in isotropic media, is a very cumbersome and essentially unexplored problem. The increase of both positive and negative peaks near the discontinuity is demonstrated by transients obtained at a distance of ϳ15 m from the edge of the wafer ͓see Fig. 6͑c͔͒ . These features can be explained by further concentration of elastic waves reflected from the edge.
V. CONCLUSIONS
In summary, several NDE applications of LIFU combined with the PBD technique are discussed. The efficiency of thermo-optical conversion of ϳ1 Pa cm 2 / W at the metalwater interface possesses potential for ultrasound testing and imaging. Single pressure pulses with pronounced compres- sion phase can be launched with transient profiles approaching the envelope of the laser pulse intensity. Pressure pulses with more than tens of bars could be generated in water by a laser power density of ϳ5 MW/ cm 2 . A further increase of the power density may access the nonlinear thermal regime with stronger ultrasound excitation.
The concave geometry of the light-absorbing metal surface decreases diffraction losses and concentrates the elastic energy near to the normal, where nonlinear elastic response of the liquid can take place. The pressure shock formation distance for a powerful ultrasound pulse depends on the finite pressure and mirror geometry. In the present experiments it was Ͻ1 cm due to the laser excitation of an essentially compressive ultrasound pulse and simultaneous harmonics generation over the whole bandwidth.
The unique feature is that high-frequency harmonics induced by nonlinearity can be used to improve the density of elastic disturbances in a solid medium and consequently enhance the spatial resolution in NDE. The efficiency of conversion of the water compression pulse to longitudinal and transverse modes in the solid sample depends on the angle of incidence of the ultrasound beam at the water-solid interface. In principle, this arrangement allows efficient excitation of bulk, interface, surface, and guided plate waves. The sensitivity to bulk and surface discontinuities or inhomogeneities of mechanical properties varies with the nature of the interrogating wave.
The strain level approached at the surface of the solid of Ͼ10 −3 extends the dynamic range of such measurements into the nonlinear regime and is extremely sensitive to elastic discontinuities. Taking into account the small dimension of the metal mirror of Յ1.5 cm, it can be concluded that the combination of LIFU and PBD is a powerful novel tool in laser ultrasonics. A manifold of variations of the scheme suggested in this work can be employed for the solution of specific problems in materials science, medicine, and industrial applications.
ACKNOWLEDGMENTS
Financial support of this work by the Deutsche Forschungsgemeinschaft ͑DFG͒ is gratefully acknowledged. 
